The influence of Ca2' and sarcomere length on myocardial crossbridge kinetics was studied in ferret papillary muscle by measuring the rate of force redevelopment following a rapid length step that dropped the force to zero. Tetanic stimulation with 5 ,tmol/L ryanodine was used to obtain a steady-state contraction, and segment length was measured and controlled using a sense-coil technique that measures changes in the cross-sectional area of the central region of the muscle. The rate constant for the recovery of force (ktr) following a rapid length release was obtained by fitting the data with a single exponential function. Contrary to results from skinned skeletal fibers in which ktr increases almost 10-fold from low to maximal activation levels, ktr was found not to increase at higher activation levels in this study. Similarly, although force increased with segment length under all conditions, ktr never increased with length. Data presented here are consistent with a model of myocardial Ca2' activation in which Ca2' modulates the number of crossbridges interacting with the thin filament and are inconsistent with a model in which Ca 2+ modulates the kinetics of transitions to force producing states within the actomyosin cycle. Differences in the activation dependence of the force redevelopment rate between cardiac and skeletal muscle suggest that there are fundamental differences in the mechanism of Ca 2+ activation between these two muscle types. (Circ Res. 1993;73:603-611.) 
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KEY WoRDs * Ca2' activation * segment length * force redevelopment * crossbridge kinetics Cnontraction is initiated in striated muscle by the binding of Ca' to troponin C (TnC), the Ca' binding subunit of the thin-filament regulatory complex troponin. The binding of Ca> to TnC triggers a cascade of altered interactions between thin-filament regulatory proteins, actin, and myosin that culminates in force production and muscle shortening; however, it is not clear which steps within the actomyosin interaction are regulated by Ca>. There are at least two general nonexclusive mechanisms by which Ca2+ could regulate the actomyosin interaction. First, there is mechanical and structural evidence suggesting that Ca> binding to the thin filament modulates the numbers of available myosin-binding sites on actin.' 2 Alternatively, Ca>2 may regulate contraction by modulating the kinetics of transitions from non-forceto force-producing states within the actomyosin crossbridge cycle.34 This later mechanism is supported by the observation in demembranated (skinned) skeletal fibers that the rate constant of isometric tension redevelopment (ktr) is sensitive to Ca'+. [3] [4] [5] [6] It has been suggested that ktr is determined by the kinetics of rate-limiting steps in the transition from non-force-generating to force-generating states within the crossbridge cycle.3 If Ca>2 regulates contraction only by modulation of the numbers of actin binding sites for myosin, then k,. should not exhibit Ca> sensitivity.
In cardiac muscle, both maximally activated force and the Ca> sensitivity of force increase with sarcomere length.7 However, it is not known whether the effects of sarcomere length are achieved by modulation of the numbers of available actin binding sites or whether Ca> and sarcomere length interact to alter the kinetics of crossbridge interaction in cardiac muscle. When intact myocardium was studied using sinusoidal stiffness analysis, the frequency of the stiffness minimum thought to correspond to actively cycling crossbridges was independent of activation and length, suggesting that crossbridge kinetics are independent of length and activation level.8 However, it is difficult to interpret sinusoidal stiffness measurements in terms of actomyosin crossbridge kinetics, because this frequency minimum has also been shown to be independent of activation level in skinned skeletal fibers,9 where force redevelopment kinetics are acutely Ca> sensitive. [3] [4] [5] [6] The observation that the velocity of unloaded shortening is sensitive to Ca' in both skinned'0 and intact"1',2 cardiac muscle suggests that the kinetics of contraction may be regulated, but the apparent activation dependence of unloaded shortening velocity in cardiac muscle may reflect an internal load.13"4 On the other hand, the kinetics of isometric force development are unaffected by internal loads in cardiac muscle and thus offer a more sensitive test of whether Ca' regulates contraction kinetics. Therefore, to test the hypothesis that in cardiac muscle force is regulated by modulation of the kinetics of the actomyosin interaction, we have determined the Ca2+ and sarcomere length dependence of isometric force and the rate of force redevelopment following a step change in length (ktr) in intact isolated ferret papillary muscles. ktr was determined during segment length (SL) isometric tetani. Isometric force during tetani exhibited a strong dependence on both segment length and extracellular Ca2+, as has been previously reported for force during twitch contractions,7,15'16 whereas the kinetics of force redevelopment were remarkably independent of both extracellular Ca'2 ([Ca`1j) and SL. These results suggest that neither Ca 2+ nor SL modulates force in cardiac muscle by affecting crossbridge kinetics.
Materials and Methods
Ferret right ventricular papillary muscles with a muscle length (ML) of 1.44±0.09 mm (mean±SD, n=5) and a cross-sectional area of 0.44±0.06 mm2 (mean+ SD, n=5) were used for this study. Male ferrets (12 to 18 weeks old) were anesthetized by an intraperitoneal injection (80 mg/kg body wt) of pentobarbital sodium (Nembutal). The heart was then removed and placed in a dissecting chamber, the right ventricle was opened, and a suitable papillary muscle was selected. After dissection, muscles were mounted in a chamber and attached to a force transducer on one end and a motor on the other end as previously described.17 Muscles were bathed at 27°C in physiological salt solution bubbled with a 95% COQ-5% 02 gas mixture and stimulated at 0.2 Hz. Solutions contained (mmol/L) NaCl, 104; KCI, 5; MgSO4, 1; NaHCO3, 24; Na2HPO4, 1; sodium pyruvate, 10; and dextrose, 10. CaCl2 was varied from 1.125 to 13.5 mmol/L, and 5 ,umol/L ryanodine was included in the solution as discussed below. No Ca' precipitation was detected even at the highest [Ca']0 used.
After dissection and mounting, muscles were allowed to equilibrate for approximately 6 hours, during which time the sense coil was mounted on the muscle and ryanodine was added to the solution. Data collection lasted between 7 and 11 hours, and the number of tetani tested for each muscle ranged from 160 to 370. Tetanic force declined no more than 10% over the period that data were collected, and resting tension did not rise, indicating that the muscles were metabolically stable.
Because of the thickness of the specimens used in this study, direct sarcomere length measurement by laser diffraction was not feasible. Instead, the length (SL) of the central segment of intact papillary muscle was determined using the area sense coil technique,17 which indirectly measures the sarcomere length of cells in the central region of the muscle and allows servo-control of segment length. With this technique, changes in segment length are measured by detecting changes in the cross-sectional area. A small wire coil is mounted on the muscle, and the muscle is placed in an axially aligned, time-varying magnetic field. By magnetic induction, a voltage is generated in the coil that is proportional to the area of flux enclosed by the coil; thus, changes in the cross-sectional area of the muscle result in variations in the coil voltage. To obtain segment length, the muscle is assumed to behave isovolumically,18 and the relative segment length is taken as the inverse of the area signal. SL of the central region of the muscle is expressed as a percentage of the maximal segment length (SLmax), obtained by stretching the muscle to the point where passive tension begins to rise steeply and SL can be extended no further. When sarcomere length is measured by laser diffraction in intact or skinned cardiac muscle, maximum sarcomere length is 2.30 to 2. 40 ,um.7,19 The maximum muscle length (MLmax) is chosen as the length at which further stretch leads to significant resting tension; hence, MLm,. was chosen as the length at which passive tension is 5 mN/mm2.
Tetanic contractions were used for the present experiments, enabling force redevelopment to be measured under relatively steady-state conditions. To achieve tetanus, 5 ,umol/L ryanodine was added to the solution to suppress sarcoplasmic reticulum function and to slow sarcolemmal Ca>2 kinetics,20 and the muscle was stimulated at a frequency of 8 to 2.0 milliseconds resulted in force dropping to zero, after which segment length was held constant and force was allowed to redevelop isometrically. The time course of force redevelopment following a rapid length step was fit by an exponential function:
where F(t) is force as a function of time following the SL step and F,, is the steady-state redeveloped force. For curve-fitting purposes, the data were transformed to a linear form using the inverse of Equation 1:
(2) and the linearized data were fit by a straight line. In this form, a line fit to Finear has slope equal to ktr. As a check, some data were also fit to Equation 1 using a nonlinear curve-fitting routine (SIGMAPLOT, Jandel Scientific, San Rafael, Calif), and the rate constant was found to match that obtained by fitting to the linearized data. The single exponential function fit the entire duration of the force redevelopment time course except for the first few milliseconds that had a faster component. In some cases, a biexponential function was used to fit the data, but in that case the rate and amplitude of the fast component were highly variable. Furthermore, when a biexponential fit was used, it did not significantly change the values for the slow rate constant from that for a single exponential fit. Therefore, for all of the data presented here, the single exponential fit was used.
[Ca`2]0 was varied between 1.125 and 13.5 mmol/L, resulting in a range of tetanic forces. No further increase in force was found when [Ca>]0 was increased from 9.0 to 13.5 mmol/L, suggesting that at 9.0 mmol/L maximal activation is achieved. Marban each [Ca2l]0, an effort was made to measure force redevelopment data over the largest range of segment lengths. The range of lengths was limited by the maximum length for isometric contractions at the long end and by the ability to fit a reasonable exponential to the low force redevelopment at the shortest lengths. Experiments were controlled by Mac II running LABVIEW software (National Instruments, Austin, Tex). Data analysis was also performed on the Mac II using EXCEL (Microsoft, Redmond, Wash), CRICKET GRAPH (Cricket Software, Malvern, Pa), and SIGMAPLOT software packages.
Results
In Fig 1, representative tracings of force (top), SL (middle), and ML (bottom), obtained during a tetanus with an SL step imposed at 2.0 seconds, are shown. Small force fluctuations during the tetanus plateau were present in all cases, despite efforts to reduce them. The fluctuations normally had a frequency of approximately 3 Hz, although there was some variation between muscles. The amplitude of the fluctuations was similar at all [Ca']0, making them larger relative to tetanic force at low [Ca']0.
The fluctuations were not caused by oscillations in the feedback control of SL, because they were also present when ML control was used instead of SL control (data not shown). Furthermore, increasing the ryanodine concentration from 5 to 10 ,umol/L had no effect, suggesting that Ca>2 release from the sarcoplasmic reticulum did not play a role. In a previous study, force fluctuations were found to correlate well with [Ca 2+]i fluctuations,21 but in that case the fluctuation frequency was identical to the stimulation frequency. In the present case, the stimulus frequency was 10 Hz, while the frequency of the force fluctuations was approximately 3 Hz. When the stimulus frequency was altered, the amplitude of the fluctuations changed slightly, but the frequency remained at approximately 3 Hz. The stimulation frequency was chosen for each muscle to minimize force fluctuations.
Force redevelopment was measured after a rapid step decrease in SL, but when SL steps were imposed at Passive force is noted by crosses, and symbols correspond to [Ca 2+jO, as indicated in the inset. When force oscillations were present, force was averaged over a number of oscillations. different times during a force fluctuation, the force redevelopment trace changed shape. If an SL step was imposed during the depression between fluctuations, during the rising slope of a fluctuation, or at the peak of a force fluctuation, the force redevelopment time course included a slow component from the force oscillation (rate constant, 7.4±6.8 s'1 [mean±SD] ; n=7) in addition to the more rapid phase of force recovery (50 to 60 s-'). The force redevelopment phase continued to a peak and then fell with the same time course as the normal force fluctuations. The component due to the slow force oscillation varied with the time at which the SL step was imposed, while the fast component was consistent in all cases. In contrast, when an SL step was imposed during the falling phase of a force fluctuation, as shown in Fig 1, force rose exponentially to a plateau and could be fit by a single exponential curve. Therefore, if force fluctuations were present during the tetanic plateau, an effort was made to impose SL steps during the falling phase of a force fluctuation. on segment isometric force obtained during tetanic stimulation of cardiac muscle. Force was found to have a steep dependence on both SL and [Ca2+]`, as has been shown for both SL auxotonic and SL isometric twitch contractions in ferret papillary muscle. 15 The SL dependence of steady-state force following a step in length was the same as that found before the release.
In Fig 3, the time courses of SL isometric force (top), SL (middle), and ML (bottom) following a 2% decrease in SL are shown. These data, which were sampled at 2 kHz, demonstrate that the SL step was complete in 2.0 milliseconds and that a 6% decrease in ML was necessary to effect a 2% decrease in SL. The larger relative change in ML needed to facilitate a change in SL results from the large end compliances found in intact cardiac preparations.22 '23 In skinned skeletal fibers, end compliance results in an underestimation of ktr24; thus, because of the larger end compliances of cardiac muscle preparations, it is necessary to measure k5r in cardiac muscle under SL isometric conditions. Force redevelopment following the SL step was well fit by a single exponential (Fig 3, top) , although a slight deviation from the single exponential can be seen very early in the force recovery. For comparison, a portion of the data was fit using a biexponential function consisting of a fast phase and a slow phase of force redevelopment. In this case, the slow rate constant was identical within experimental error to the single exponential fit. The fast component had a rate constant of 1138±358 s'1 (mean±SD, n=16) and an amplitude of 19.9±6.2% (mean±SD, n=16) of the total. However, this fit was based on no more than five data points, so the calculated fast rate constant must be considered only a rough approximation. Furthermore, the variability in the fit of the fast component precluded any interpretation of the results. Therefore, because of the difficulty in interpreting the biexponential fit, the single exponential fit was chosen, and all of the data presented here are for a single exponential fit.
The dependence of k,. on SL and [Ca>2]0 for data taken from two muscles is shown in Fig 4. Similar results were found in a total of five muscles. For the muscle shown in Fig 4A, kt, is similar between various levels of [Ca'>]0 at longer SL, whereas at shorter lengths ktr is more variable, rising at 2.25 and 4.5 mmol/L [Ca>2]0 but staying constant for 1.125, 9.0, and 13.5 mmol/L [Ca>2]0.
Other muscles showed similar results, with k,. being independent of SL at some [Ca2l]0 levels but increasing at shorter lengths at other [Ca>]o levels, such as at 9.0 mmol/L [Ca '2] , for the muscle shown in Fig 4B. Although ktr was either independent of SL or increased at shorter SL, k1r never increased with increasing SL over the range of lengths tested. In contrast, force always increased at longer SL at all [Ca>+]0 levels (Fig 2) .
The dependence of k1, and force on [Ca']j, at constant SL is illustrated in Fig 5 for data obtained from five muscles. kt, (Fig 5A) is independent of [Ca'>]0 for three muscles and falls with increasing [Ca'>]0 in two muscles. In contrast, force ( Fig 5B) is strongly dependent on [Ca'>]0 in all muscles. Notably, ktr never increased at greater levels of calcium activation. The same data are plotted as relative k,r versus relative force ( Fig   5C) to emphasize that ktr is largely independent of SL isometric force when force is altered over a wide range by changing [Ca2+]0.
Discussion
We have found that the kinetics of isometric force development in isolated myocardium are remarkably insensitive to the level of contractile activation, whether altered by [Ca'+]0 or SL. This finding contrasts with previous work in skinned skeletal muscle in which a substantial Ca2+ dependence of ktr was demonstrated in fast skeletal fibers3.5 and, to a lesser degree, in slow skeletal muscle.5 The present force redevelopment study is the first to systematically investigate the influence of Ca2+ and sarcomere length on the rate constant of force redevelopment in cardiac muscle.
Relation to Skeletal Muscle Studies
To compare the present study with previous work
showing an activation dependence of ktr in skeletal muscle, the differences in experimental protocol between the two studies must be reconciled. Besides the difference in muscle type between this study and previous force redevelopment studies, the present study involved intact muscle as opposed to skinned fibers and used a slightly different mechanical protocol. To date. there have been no reports describing the Ca2+ dependence of k,. in intact skeletal muscle, presumably because of the difficulty in obtaining graded activation levels in intact skeletal fibers. Although there is no obvious reason why the activation dependence of force redevelopment should be different in skinned versus intact muscle, one possible factor could be swelling of the myofilament lattice upon fiber skinning. 25 In the skinned skeletal fiber experiments of Brenner3 and Metzger and Moss,5 no compensation was made for lattice-spacing changes during force generation.26 However, a similar activation dependence was found when 4% dextran T-500 was used to osmotically compress the myofilament lattice to the dimensions before skinning and to minimize lattice-spacing changes during activation.27 Therefore, it does not seem that differences in lattice spacing between skinned and intact muscles can account for the observed lack of activation dependence of k,. in this study.
The second difference between the present study and previous force redevelopment studies is the mechanical protocol used to drop the force level preceding redevelopment. The ramp release/restretch protocol normally used in experiments on skinned skeletal fibers allows the muscle to shorten at Vmax for a short period and then rapidly stretches the muscle back to its original length to detach any cycling crossbridges.3 Because of the end compliance associated with cardiac muscle preparations and the limited bandwidth of our SL length clamp, we were unable to perform the release/restretch protocol in these experiments. Instead, a relatively rapid large amplitude release was used to detach crossbridges and drop the force to zero. Because the intention of the present study was to measure the rate of crossbridge attachment as opposed to merely redistribution of crossbridges between attached states, it is important to know if the step decrease in SL resulted in significant crossbridge detachment.
Step stiffness studies that use very fast length steps (200 microseconds) to measure the instantaneous crossbridge stiffness in skeletal fibers suggest that a length release of approximately 14 nm per half sarcomere (or approximately 1.4% sarcomere length) is needed for full crossbridge detachment.28,29 Although this result is well established in skeletal fibers, similar studies in cardiac muscle are complicated by the large end compliance inherent in cardiac muscle preparations.2230 In a previous study using our ferret papillary muscle preparation in ML control, stiffness was measured using steps complete in 1 millisecond imposed at the peak of twitch force. It was found that a step size of approximately 1% SL is needed to drop the force to zero,31 a value that most likely includes contributions from both crossbridge elasticity and crossbridge detachment. In the present study, we used segment length steps of 2% to 3% SL, which were complete in 2.0 milliseconds. Because of the relatively slow step time (as compared with 200-microsecond steps used in skeletal stiffness studies) and relatively large amplitude of release, it is very unlikely that the drop in force is entirely due to the elasticity of attached crossbridges. This argument is supported by the observation that k1, was unaffected by step amplitude. If steps slightly larger than needed to drop the force to zero or if steps slightly smaller that dropped the force to a few percent of the initial force were used, the redevelopment rates were identical within experimental error (data not shown). If residual crossbridge attachment following an SL step contributed significantly to the redevelopment of force, then larger steps would most likely lead to more detachment and different redevelopment kinetics.
However, it is possible that a population of crossbridges was not detached by the SL step, because the force redevelopment data could be fit by a biexponential consisting of a fast phase with a rate constant on the order of 1000 s' (1138+358 [mean+SD] , n=16) and a magnitude on the order of 20% (19.9+±6.2 [mean±+SD], n=16) of the total redeveloped force and a slow phase with a rate constant on the order of 50 s'1 (61.8±+16.0
[mean±+SD], n=16). The low-amplitude fast phase of redevelopment is likely due to a crossbridge transition by the attached crossbridge population as found for the fast phase of force recovery in skeletal muscle following a low amplitude release. 29 The remainder of the force redevelopment is likely due to crossbridge attachment and force generation at the new segment length.3'28'29 It should also be noted that even with the release/restretch sents data from a single muscle, and each point is the mean +SD of between 4 and 16 determinations. The segment length at which data were obtained for each muscle was 90% (o), 92% (A), 87% (A), 95% (o), and 92% (a) of the maximal segment length. For a given muscle, the segment length varied less than 1% among different [Ca 2±Jo levels. As can be seen, ktr was relatively insensitive to [Ca 21 for three muscles, whereas ktr decreased at higher [Ca 2+]1 levels for two muscles. In contrast, force increased with [Ca 2+]o for all five muscles. C shows ktr data from A normalized to maximum ktrfor each muscle and plotted against the corresponding normalized values offorce from B. For clarity, error bars shown in A and B were left out in C. protocol normally used for force redevelopment experiments in skeletal muscle, there is often residual force even after the large amplitude stretch32,33 such that force redevelops from an offset as opposed to purely zero-force baseline.
Although the presence of the fast early component of force recovery suggests that there was some residual attachment following the step, it remains that the majority of the force redevelopment is due to attaching crossbridges. If the crossbridge attachment rate is Ca>+ dependent, as has been previously suggested,3 then this Ca2+ dependence should have been observable as a difference in k,t following a rapid SL step. For example, in skinned skeletal fibers, the rate of force redevelopment following a step change in length was compared to the recovery of force following the normal release and restretch protocol, and the activation dependencies were found to be similar.3 Furthermore, when the rate of force recovery following a length step was measured in various fiber types from frog skeletal muscle, it was found to be proportional to the isometric actomyosin ATPase rate. 34 These findings suggest that lack of Ca>+ sensitivity of force redevelopment kinetics following an SL step seen here reflects the true activation dependence of isometric force redevelopment kinetics in intact cardiac muscle.
Crossbridge Model
To interpret force redevelopment data in terms of the actomyosin crossbridge cycle, it is helpful to use a previously described two-state crossbridge model consisting of an equilibrium distribution between a weakly bound non-force-producing state and a strongly bound force-producing crossbridge state.3 In this model, the transition from weakly to strongly attached states is determined by the apparent forward rate constant (fapp) and the reverse transition by the apparent reverse rate constant (gapp).3 The rate constant for isometric force redevelopment following crossbridge detachment, ktr, is equal to the sum of fapp and gapp. This two-state equilibrium model can be used to describe the present data and to demonstrate that, if myocardial crossbridge kinetics were Ca`dependent, then the effect would be observable as a difference in ktr.
With this model, Ca`binding to TnC can lead to a rise in steady-state force by two possible mechanisms. First, it could increase the number of actin binding sites available to interact with myosin. In this case, the relative populations of crossbridges in each state would remain constant, but the total number of crossbridges would increase, leading to an increase in the absolute number of crossbridges in the force-producing state. Because the rate constants for transitions between states are unaffected by Ca>, this mechanism would predict no change in k,, with variations in the level of Ca 2+ activation and is consistent with our results. Applying this model to our data allows the estimation of fapp and gapp. gapp can be estimated from the rate of force relaxation in SL isometric twitches in cardiac muscle'5 by assuming that relaxation is entirely due to crossbridge detachment. An exponential fit to the fall in force yields a time constant of 66 milliseconds; thus, the rate constant gapp can be estimated as 15 s`'. Since k,r (fapp+gapp) was approximately 50 s-1 in this study and gapp is estimated to be 15 s-s, fapp is calculated to be 35 s`.
Alternatively, Ca2+ may modulate force by altering one or more rate constants between crossbridge states. leading to a greater proportion of crossbridges in the Differences in the regulation of force kinetics could also be related to the altered structure of regulatory protein isoforms between muscle types. For instance, mined by the myosin heavy chain isoform,5 Ca> binding to myosin light chain-2 (LC2) may play a role in the activation dependence of redevelopment kinetics in skeletal muscle.47 Also, it has been shown that both LCQ phosphorylation4,33 and partial LC2 extraction48 in skeletal muscle lead to increases in klr at intermediate Ca>2 activation levels. However, although it is possible that the differences between skeletal and cardiac myosin LC2 isoforms could be responsible for the apparent lack of activation dependence of kt. in myocardium, recent evidence suggests that Ca>2 binding to myosin LC2 does not modulate k,. in skinned skeletal fibers.27
TnC isoform differences may also play a role in the activation dependence of force redevelopment kinetics. For example, ktr in soleus (slow skeletal) muscle fibers, which contain both the cardiac form of TnC49 and myosin heavy chain,50 was found to be much less activation dependent than in superficial vastus lateralis (fast skeletal) fibers.5 In another study, when skeletal TnC was removed from rabbit psoas fibers and substituted by cardiac TnC, the activation dependence of klr was altered.27 These results suggest that properties of TnC may determine, at least in part, the activation dependence of ktr, Interestingly, a lack of activation dependence of isometric force kinetics has recently been described in skeletal fibers under experimental conditions in which force was modulated by changing the numbers of activated thin-filament regulatory units (1 troponin + 1 tropomyosin + 7 actin). For example, when force at maximally activating [Ca]2+ was altered by partial extraction of TnC, k1r was the same as found for maximally Ca2+-activated controls and was independent of the level of force achieved by TnC extraction. 47 Likewise, in skinned skeletal fibers treated with N-ethylmaleimidemodified myosin Si, which binds tightly to actin, kt. was independent of force obtained by varying [Ca2+].5152 Finally, we have recently used a structurally modified form of the cardiac isoform of TnC (aTnC53), which allows activation of force in skinned skeletal fibers in the absence of Ca24.i When native TnC was extracted and submaximal levels of force were attained by partial reconstitution with aTnC, ktr was independent of the level of force and was insensitive to Ca2+.27 These three findings have at least one thing in common: in each case, force was altered by changing the numbers of fully or nearly fully activated thin-filament regulatory units and thus the numbers of potential myosin binding sites on the thin filament. Therefore, these results are consistent with the hypothesis that the lack of activation dependence of ktr that we observe in intact cardiac muscle (Figs 4 and 5) occurs because Ca2+ modulates the numbers of actomyosin interactions.
Conclusion
The present work establishes that kinetics of force generation in intact myocardium are independent of both activation level and sarcomere length. Thus, the results are consistent with a mechanism of Ca2+ activation in cardiac muscle in which Ca 2+ bound to TnC modulates the number of potential actomyosin interactions and are inconsistent with an activation model in which Ca2+ modulates the kinetics of a rate-limiting transition within the crossbridge cycle. Similarly, the effects of SL are consistent with a model in which the whereas the maximum value of k,, is probably deter-numbers of actomyosin interactions, and not the rates of interactions, covary with sarcomere length.
